In this study, we used far-field high-energy x-ray diffraction microscopy (FF-HEDM) to measure in 3D the spatial distributions of the sizes, orientations, and residual strains of grains and subgrains formed by room-temperature tensile deformation in a neutron-irradiated (450 C, 0.01dpa) Fe-9Cr specimen and its unirradiated counterpart. We found that neutron irradiation under this condition alone had no effect on the grain size distribution. After deformation, grains fragmented into subgrains in both unirradiated and irradiated specimens: the irradiated specimen contained a few large subgrains which co-existed with many smaller subgrains, while the unirradiated specimen contained small subgrains with a relatively uniform size distribution. Prior to deformation, the irradiated specimen had higher residual strain spread compared to its unirradiated counterpart, while after deformation to the maximum uniform elongation, the strain distributions among subgrains were similar between the unirradiated and irradiated specimens. The FF-HEDM measurements provide new insight into the effects of neutron irradiation on the mechanical response of Fe-Cr ferritic alloys.
Introduction
Structural materials serving in nuclear reactors interact with complex environments including high irradiation field, temperature, mechanical stresses, and/or corrosive media [1, 2] . Extensive studies have been performed over the years to understand the effect of irradiation on the microstructure and its evolution through experiments and modelling. Comprehensive knowledge on irradiation-induced point defects, dislocation loops, voids, precipitation, and segregation has been obtained [3] . Meanwhile, the effect of irradiation on the macroscopic mechanical properties of structural materials have been investigated through various types of mechanical tests of samples under different irradiation conditions [3] . It is generally observed that irradiation leads to an increase in strength and a reduction of ductility, and tends to exhaust the work-hardening capability at low temperatures [4e7] . Postmortem characterizations suggest that under some irradiation conditions dislocation-channeling may be responsible for localized plastic flow in irradiated materials [8, 9] .
However, there are two significant knowledge gaps in linking these microstructural features to mechanical properties. The first gap comes from the fact that the properties and performance of the materials and their service lifetime critically depend on structural evolution and damage accumulation inside the bulk, which can be different from what is observed near the surface of a microscale sample that most of the available microstructural characterization techniques are capable of probing. The second gap is due to the fact that most studies have focused on either the atomic/nano scale or the macroscopic scale; investigation at the grain/subgrain scale (so called the mesoscale) is very limited. The mesoscale serves as a bridge between microscopic features such as irradiation-induced defects and dislocations, and macroscopic properties such as material's strength and ductility. The fast-advancing synchrotron x-ray based microscopy is a promising cluster of techniques to fill these knowledge gaps [10e16] . For studying neutron-irradiated (radioactive) materials, these techniques also have the significant advantages of being non-destructive and requiring little to no sample preparation [13, 17] .
High-energy x-ray diffraction microscopy (HEDM), also known as 3D-XRD, is particularly useful for the investigation of deformation behavior in polycrystalline structural materials at the mesoscale. High energy x-rays (>40 keV) have large penetration depth and can be used to investigate mm-sized samples. Unlike traditional powder diffraction techniques where domain ensemble information is measured, HEDM can provide information about individual coherently diffracting domains in a polycrystalline aggregate [10, 18, 19] . One variation of HEDM is the far-field HEDM (FF-HEDM) [20] , named for the fact that the sample to detector distance is far (on the order of meters) compared to that of the near-field (NF) (on the order of millimeters). FF-HEDM can provide the crystallographic orientation, center of mass, elastic strain tensor, and volume information on a domain-by-domain basis in the aggregate.
In this paper, FF-HEDM was used to investigate a neutronirradiated Fe-9Cr ferritic specimen and its unirradiated counterpart. After the assessment of the experimental and data analysis details we provide a quantitative comparison between the combinations of irradiated, unirradiated, deformed, and undeformed states of the material at the mesoscale level. Our findings confirms that irradiation-induced defects change the microstructure of the bulk material, which results in different microstructural response during deformation, e.g., in residual strain distribution, subgrain size, and orientation spread. We present several quantitative findings highlighting the irradiation and deformation induced changes at the grain or subgrain level. The paper is organized as follows: Section 2 describes the experimental procedure; Section 3 introduces the data analysis procedure used to quantify the domain structures in the samples; Section 4 describes the analysis results and these results are discussed in Section 5. The findings are summarized in Section 6.
Experimental procedure
Ferritic/martensitic steels are widely used in nuclear reactors for their excellent resistance to irradiation-induced swelling, high thermal conductivity, low thermal expansion and low cost. The Fe9wt%Cr studied here is a model alloy for Fe-9Cr commercial ferritic/ martensitic steels (e.g. Mod. 9Cr-1Mo). The as-received samples have body-centered-cubic (bcc) structure, are coarse-grained, and do not have texture [21] , suitable for FF-HEDM technique. The samples were subsized sheet-type tensile specimens with a nominal gauge length of 5 mm and nominal gauge cross-section of 1.15 mm Â 0.45 mm. One sample was neutron irradiated to 0.01 dpa at 450 C at the Advanced Test Reactor (ATR), Idaho National Laboratory, and the others were the unirradiated counterparts.
Prior to the FF-HEDM measurements, uniaxial tension tests were conducted on the samples at a nominal strain rate of 1 Â 10 À5 / s at room temperature. The unirradiated sample was deformed until fracture; the irradiated sample was deformed until necking occurred without complete failure. The ultimate tensile strength (UTS) was 222 MPa and 338 MPa, and the uniform elongation was 20.8% and 16.1%, for the unirradiated and irradiated samples, respectively. During the tensile test, these samples were examined by wide-angle x-ray diffraction and the findings were published in Ref. [22] . FF-HEDM measurements were performed on the unirradiated and irradiated samples, as shown schematically in Fig. 1 . The samples were mounted on specially designed holders. The irradiated sample was sealed in a double-layered Kapton tube for containment of the radioactive material (Fig. 1) ; the unirradiated sample was not sealed. FF-HEDM measurements of the irradiated specimen were performed in the grip section representing the irradiated undeformed (I-U) state and in the gauge section away from the necking center representing the irradiated deformed (I-D) state at the ultimate tensile strength. For the unirradiated states, the deformed and undeformed states were measured in the gauge section of two different samples, one deformed and the other not; these are referred to as the unirradiated undeformed (U-U) and the unirradiated deformed (U-D) states, respectively.
The wavelength of the x-ray beam was 0.01729 nm (the energy of 71.68 keV) and the beam size was 2 mm (along X L ) Â 0.2 mm (along Y L ). A single panel GE-RT41 detector was placed approximately 929 mm downstream of the samples, nominally centered with the direct beam. For a given volume illuminated by the incident x-ray beam (referred to as a "layer" from here on), a series of diffraction patterns was acquired in sweeping mode at 0.25 intervals by rotating the sample in u over a range of À180 to þ180 .
When the measurement of one layer was completed, the sample was translated along Y L by 0.2 mm to measure the next layer. For each of the state as described above, four to five consecutive layers were measured; the total investigated volume per state was approximately 0.5 mm 3 . The samples were placed in the beam such that the sample coordinate system, denoted by X S -Y S -Z S , coincided with the laboratory coordinate system, denoted by X L -Y L -Z L , when u was 0 .
The U-U and the U-D states were also investigated using electron backscatter diffraction (EBSD). The samples representing the U-U and U-D states were mounted flat with the dog-bone shaped surface exposed. These samples were mechanically ground with final polishing using VibroMet ® 2 Vibratory Polisher. EBSD data acquisition was done using an Oxford AZtec HKL system with a pixel size of 2.5 mm over an area of approximately 500 mm Â 500 mm.
Data analysis procedure
In this section, we present a summary of the data analysis procedure. We also outline what microstructural and micromechanical state information was obtained in each step. Fig. 2 shows the flow chart of the procedure.
The Microstructural Imaging using Diffraction Analysis Software (MIDAS) developed at the APS was used to analyze the FF-HEDM data [23e26] . Diffraction spots corresponding to {200}, {211}, {220}, {310} and {222} families of crystallographic planes were used for indexing the ferrite phase. For the deformed samples, the diffraction spots appear as arcs or smeared spots instead of sharp diffraction spots seen in the undeformed samples, as shown in the lower right corner in Fig. 1 . MIDAS separated the local maxima in these smeared peaks. These local maxima were used to identify the coherently diffracting domains. Note that the term "domain" is a general term referring to the MIDAS-resolved microstructural element; we use it in a way that it has the meaning of "grain" for the undeformed states and "subgrain" for the deformed states. An important parameter is the completeness of a domain, meaning the reconstruction confidence. Completeness thresholds of 0.7 and 0.6 were used for the undeformed and the deformed states, respectively. This means that at least 104 diffraction spots out of 148 theoretical diffraction spots must be present in the FF-HEDM data for a coherently diffracting domain in the undeformed sample. Similarly, at least 89 diffraction spots must be present in the FF-HEDM data for a domain in the deformed state. We found that changing the thresholds by ±0.1 did not change the result appreciably. The domains were treated as spheres in the analysis.
Each layer in a sample was analyzed individually. For a particular domain in a layer, MIDAS output its center of mass (COM) position, diameter, crystallographic orientations (R), lattice parameters (a; b; c; a; b; g), and elastic strain tensor (ε) (calculated from the lattice parameters). Additionally, completeness and various measures of error associated with the domain were provided. It is worthwhile to note that the elastic strains, in this case, are residual strains as the measurements were conducted ex-situ without an external load.
Subsequent processing of the MIDAS output was conducted. Depending on the state, different analysis method was used. For the undeformed states, whether irradiated or not, a stitching algorithm was used to merge the sliced grains into a single grain. For the deformed states, a cluster analysis algorithm was used to identify subgrains that originated from one parent grain. These processes are described in the following sections.
Stitching algorithm for undeformed states
For the undeformed states, because many grains have sizes comparable to or larger than the layer dimension along Y L (200 mm), they often show up in more than one measured layers. As the layers were analyzed individually in MIDAS, the sliced grains were reconstructed as individual domains. A stitching algorithm was applied to merge the sliced domains back to one original grain. This algorithm first grouped the domains with misorientation angle smaller than 1 , and then checked within a group whether the maximum distance between the domains was smaller than three times the largest domain diameter, to make sure that the domains are physically close. If so, those domains were merged into a grain and the information pertaining to the merged grain was updated. The volume of a merged grain was computed by a simple arithmetic sum of the volumes of constituent domains, and then using sphere assumption to convert to diameter. The COM, ε, R, and completeness of the merged grain were recalculated using volume-weighted average of the constituent domains.
In Fig. 3 , the crystallographic orientations of the domains in the U-U state are plotted in the cubic fundamental region of the Rodrigues-Frank (RF) orientation space, represented by open spheres. The sizes of the spheres are proportional to the volumes of the domains and the colors are chosen based on the X S component of the COMs in physical space. The X S direction is chosen for illustration here because it has the largest range (À600 mme600 mm) compared to the other two directions so the locations of the domains in the aggregate can be better distinguished; the resulting figures are similar even if Y S or Z S are used. Fig. 3 (a) shows that there are many near-concentric spheres with similar colors, indicating that there are many domains with similar crystallographic orientation that are close to each other in physical space. Fig. 3 (b) shows the results after stitching. Here, the spheres represent the merged grains and it is shown that the stitching algorithm effectively recovered the original grain structure.
Cluster analysis for deformed states
For the deformed states, most of the reconstructed domains have sizes of approximately tens of mm, which are significantly smaller than the layer thickness (200 mm). These domains are subgrains formed as a result of deformation. Cluster analysis was conducted based on misorientation angles of those subgrains. The algorithm is similar to the stitching algorithm, using a misorientation angle threshold of 2 instead of 1 . The distance threshold used in the stitching algorithm was not applied, as the analysis of smeared peaks resulted in larger uncertainties associated with the domain locations. Misorientation angles between subgrains and the maximum misorientation angle within a parent grain were obtained to quantify the deformation microstructure. The outcome of the cluster analysis is presented in Section 4. Fig. 4 (a) shows the domain maps in physical space of the U-U, the I-U, the U-D, and the I-D states from the respective FF-HEDM data. Each sphere represents a domain; its position is the COM of the domain in physical space and its diameter is the diameter of the domain. The color of the sphere denotes the completeness. Table 1 shows the total number of domains found, the average size (volume-weighted), the average completeness (volume-weighted), and the total volume recovery fraction. The total volume recovery fraction is defined as the arithmetic sum of volumes of the reconstructed domains divided by the total sample volume illuminated by the x-rays. The total numbers of domains are~150 for the two undeformed states, 3425 for the U-D state and 1283 for the I-D state. It is worthwhile to note that the average domain size, the average completeness and the total volume recovery fraction are all smaller in the deformed states (independent of irradiation) than those in the undeformed states. It is known that high levels of plastic deformation can lead to defect production and the refinement of grain structure. Higher defect density (indicated by lower completeness as peaks are smeared and cannot be detected easily) and smaller domain sizes as observed in the deformed states may be responsible for the lower total volume recovery fraction. Therefore, the results in Table 1 are consistent with the deformation histories of the samples. For the two undeformed states, it is worthwhile to note that the average completeness in the irradiated sample is lower than that in the unirradiated sample. The presence of irradiation defects in crystal lattices may contribute to this result. Fig. 4 (b) and (c) compare the domain size distributions for the undeformed states and the deformed states, respectively. Note that Fig. 4 (b) is plotted with a linear y-axis while in Fig. 4 (c) it is logarithmic in order to better reveal the wider size distribution. Those figures show that irradiation alone has a minimal effect on the grain size, while larger domains were found in the I-D state than in the U-D state. The average domain size of the I-D state is 45% larger than that of the U-D state. Fig. 5 is a multi-dimensional plot showing the crystallographic orientations of the domains in the cubic fundamental region of the Rodrigues-Frank orientation space. Again, the spheres represent the domains, with their sizes proportional to domain volume. The color denotes the X S coordinate of the domain COM, so similar colors represent similar positions in space. For the two undeformed states, large domains are uniformly distributed in the orientation space. In contrast, for the two deformed states, small domains having similar X S coordinates form clusters. The same observation is made when Y S or Z S coordinates are used for color. A cluster may be related to an original grain that existed prior to deformation and the small domains are likely to be subgrains that form during tensile deformation. A detailed look of the clustered domains is shown in the magnified views of Fig. 5 , and the detailed analysis is given in Section 4.2.
Results

Microstructure reconstruction
Subgrain analysis of the deformed states
To investigate the nature of deformation microstructures, cluster analysis was performed on the U-D and I-D states. Fig. 6 shows the results. The clusters are colored with their unique IDs in Fig. 6  (a) . Fig. 6 (b) shows the maximum misorientation angle within each cluster for the deformed states from cluster analysis. Also plotted is the maximum misorientation angle within each merged grain for the undeformed states from stitching. The clusters in the deformed states have much larger misorientation angles than the grains in the undeformed states, independent of irradiation. This observation is in quantitative agreement with the EBSD results (Section 4.4).
To better reveal the effect of neutron irradiation on the deformation microstructures, domains (subgrains) that are associated with three representative clusters (parent grains) for the U-D and the I-D states are plotted in Fig. 7 in both orientation space and physical space. Colors are used to differentiate the clusters. The sizes of the spheres are scaled with the subgrain sizes. Fig. 7 (a) shows that the subgrains in the U-D state have relatively uniform size distribution; in contrast, Fig. 7 (b) shows that the I-D state has a few large subgrains co-existing with small ones. This implies that deformation in the irradiated sample is more heterogeneous than in the unirradiated sample, which will be further discussed in Section 5.
Grain/subgrain-resolved residual strains
The elastic strain tensor of each domain can be obtained from the lattice parameters. The reference lattice parameters for each state was obtained by volume-averaging the lattice parameters from all grains in that particular state. Fig. 8 (a) shows the distributions of one strain component, ε yy , from all the domains for the four states; solid lines show the Gaussian fits of the distributions. The U-U state has a sharp distribution centered near zero, as expected since the measurement was done in the unloaded state. After irradiation, the distribution broadens, and tensile Table 1 Statistical information for the domains shown in Fig. 4(a deformation further broadens it. Despite the significantly different strain distributions prior to tensile testing, the I-D and U-D samples showed nearly identical strain distributions. To quantify the domain-resolved strain heterogeneity, the full-width at halfmaximum (FWHM) of the Gaussian peak, denoted as Dε, is compared in Fig. 8 (b) for the six components of strain and four states. Irradiation alone increases Dε by about 2 Â 10 À4 for all strain components. Tensile deformation to maximum uniform deformation further increases Dε, to the similar level in both non-irradiated and irradiated samples. This suggests that the two different microstructural features, namely irradiation-induced defects and deformation-produced dislocations, contribute similarly to the residual strains of individual domains in these polycrystalline aggregates.
The subgrain-level residual strain distribution within a parent grain in the deformed states reveals further details of deformation heterogeneity. Fig. 9 (a) shows the spatial distributions of ε yy in the same clusters as those in Fig. 7 . Dotted ellipses are drawn as a guide to separate the clusters. In both states, ε yy varies significantly from compression to tension within a cluster. In the I-D state, the larger domains often have smaller ε yy compared to many of the smaller domains. Indeed, as shown in Fig. 9 (b) which plots ε yy as a function of domain size, the strain spread decreases as the size increases. The same phenomenon can be observed when plotting the other five components of strain. It implies that the subgrain formation is directly related to the level of local deformation.
EBSD characterization of unirradiated sample
The FF-HEDM measurement of orientation splitting in deformed grains was compared to the 2D maps obtained by SEM-EBSD. Fig. 10 (a) and Fig. 10 (b) shows the orientation maps in the Z S direction inverse pole figure (IPF) coloring scheme for the U-U and U-D states respectively. Domain boundaries with misorientations greater than 12 are colored in red. These represent the original high-angle grain boundaries. Domain boundaries with misorientations between 2 and 12 are colored in black and these are most likely related to the deformation-induced, relatively abrupt orientation changes. In contrast to the undeformed area where the orientation variation within a domain is minimal, the orientation variation in the deformed area is significant. The black (low-angle) boundaries within a grain indicate that the orientation variation is a mixture of gradual and abrupt changes. In addition, those low-angle boundaries are often connected to high-angle boundaries and junctions, implying that large deformation may have occurred at those locations with the influence from neighboring domains. This phenomenon has been reported in a number of experimental [27e29] and modelling [29e32] studies. The maximum intragranular misorientations for the two areas studied by EBSD are plotted in Fig. 10 scans, Fig. 6 (b) and Fig. 10 (c) show that the observations from FF-HEDM and EBSD are in agreement.
Discussion
Dislocation substructure and the effect of neutron irradiation
It has long been known that the plastic deformation of polycrystals is inherently heterogeneous on the grain scale. The formation of dislocation substructures within grains as a result of dislocation motion and patterning is prevalent in deformed polycrystalline aggregates. During deformation, grains can break up into several levels of mutually misoriented volume elements, e.g., forming domains on a large scale, domains subdividing into cell blocks on the intermediate level, and further into cells on a smaller scale [33] . The dislocation boundaries formed within grains are generally grouped into two types: geometrically necessary boundaries (GNBs), e.g. microbands and dense dislocation walls, and incidental dislocation boundaries (IDBs), e.g. dislocation cell boundaries [34] . These types of boundaries have similar basic properties and follow the low-energy dislocation structure (LEDS) principle. The GNBs are formed to accommodate differences in the operating slip systems in neighboring crystallites and controlled by glide-induced lattice rotations in the neighboring volume elements, while the IDBs are formed by random trapping of dislocations and have much smaller misorientations across the boundary than the GNBs [35] . Due to the complexity of the hierarchical structures and their continued evolution with strain in polycrystalline materials, it is difficult to characterize dislocation substructure and measure accurately the critical parameters such as size and misorientation angle. For the first time, we could measure dislocation substructures at two different length scales in a single deformed specimen by combining grain-averaged wide-angle x-ray scattering (WAXS) and the FF-HEDM technique. As reported in our earlier work [22] , WAXS line profile analysis, using the modified Williamson-Hall method, revealed an average domain size of 0.5 mm at the end of the uniform deformation in both unirradiated and irradiated Fe-9Cr specimens. Here we used FF-HEDM to observe the formation of larger dislocation substructures, with mean sizes of 60 and 87 mm in the unirradiated and irradiated tensile-deformed Fe-9Cr specimens, respectively. Confirmed by TEM [22] , the submicron-sized domains measured by WAXS are dislocation cells with IDBs (referred to as cells in this paper). The larger domains measured by FF-HEDM, due to their relatively large misorientations, are orientation domains with GNBs, referred to as subgrains in this paper.
The effects of neutron irradiation on subgrain formation in Fe9Cr are clearly revealed by FF-HEDM measurements. Because of the presence of irradiation-induced defects, the deformation inside an irradiated grain is less homogeneous (higher strain field around the defects). The results are the lower average internal strain energy and a lower nucleation rate of subgrains. As shown in Fig. 4 (c) , the subgrains found from the FF-HEDM measurements showed a larger mean size and a broader size distribution in the irradiated Fe9Cr specimen than in its unirradiated counterpart. A closer view of several representative clusters, as shown in Figs. 7 and 9 (a), indicates that a parent grain in the irradiated sample commonly fragments into large subgrains with relatively low residual strains and smaller ones with large residual strain variations, in contrast to the relatively more uniformly-distributed subgrain sizes and residual strains in the unirradiated sample. This observation is consistent with the crystal plasticity finite element simulation of stainless steels by Hure et al. [36] where it was anticipated that there was reduced homogeneity of plastic slip activity and an increased unstrained material volume in an irradiated polycrystalline stainless steel. Moreover, because in-grain strain and orientation gradients depend both on grain orientations and graingrain interactions, we expect a lower subgrain nucleation rate near some types of the boundaries. We thus expect large subgrains in the irradiated specimen are segregated around selected grain boundaries. We hope that an improved spatial resolution of the HEDM technique will confirm this hypothesis. On the other hand, line profile analysis of the WAXS data [22] shows that the evolution of dislocation cell size with deformation followed a similar trend in the unirradiated and the irradiated specimens, reaching a level of 0.5 mm at the UTS, despite the difference in the UTS strains and stresses. It is therefore suggested that the irradiation-induced nanometer-sized dislocation loops are more effective in affecting slip patterns and lattice rotations, limiting the formation of GNBs (hence the formation of subgrains) in the irradiated Fe-9Cr alloy, rather than affecting the random trapping of dislocations in forming IDBs (hence the formation of cells). The current study focuses on a sample with a relatively low irradiation dose, 0.01 dpa. While the low-dose, and therefore lowactivity specimen for easy handling was a consideration for this very first 3D x-ray experiment on neutron-irradiated specimen from the technical point of view, there were important scientific aspects in studying a low-dose specimen as the first step. Because of the single and simple types of irradiation-induced defects (i.e. uniformly-distributed nanometer-sized loops), the irradiation effect on deformation can be relatively easy to understand particularly when a new examination tool is applied. The study indeed showed how the dislocation loop-induced hardening affects the macroscopically uniform deformation but microscopically non- homogeneous deformation at the grain level. As irradiation dose increases, defect density, size and structure will change, which will affect both macroscopic and microscopic deformation processes, e.g. dislocation channeling on a microscale, and early onset of plastic instability on a macroscale. We hope to conduct a systematic study in the future to understand the effect of different defect structures, densities and sizes as the dose increases on the transition of deformation modes at both the microscopic and macroscale levels.
Residual strain
The residual strain distributions within grains and subgrains measure the long-range internal stress, which is related to the dislocation mean free path. In the unirradiated specimen, which is well annealed and has a very low dislocation density, the mean free path is dictated by the grain size. After irradiation, the presence of dislocation loops reduces the mean free path and increases the internal stress, and therefore the higher residual strain level and spread compared to its unirradiated counterpart (Fig. 8 blue symbols). During deformation particularly in stage II, a rapid increase in dislocation density dominate the mean free path, and the deformation of the unirradiated specimen quickly catches up the irradiated specimen to a similar value of the mean free path before exhausting the strain hardening capacity (Fig. 8 green and red  symbols) . At the maximum uniform elongation, the mean free path determined by a collective effect of dislocation density, grain boundaries, subgrain boundaries, and irradiation defects (only in the irradiated specimen) is similar between the unirradiated and irradiated specimens, and therefore similar internal stress/residual strain distributions among subgrains. Byun et al. [37] studied the irradiation dose independence of plastic instability behavior by investigating the tensile test data of a variety of materials. By shifting the stress-strain curves with the appropriate amount of macro-strain corresponding to the radiation-induced increase in yield stress, it was concluded that radiation-induced defects and deformation-produced dislocations give similar net strainhardening effects. Our measurements of subgrain-resolved residual strain at the maximum uniform elongations imply that the mean free path (rather than the UTS) may be the critical material parameter that determines the strain hardening capability and the onset of plastic instability. As more data from residual strain measurements on different samples becomes available, this hypothesis will be tested.
The correlation between the residual strain distribution and the subgrain sizes, as shown in Fig. 9 (b) , implies that the subgrain formation is related to the level of local deformation. The heterogeneous subgrain formation in the irradiated specimen may provide critical information in understanding the lower tensile ductility in irradiated materials. In particular, we suggest that the observation of reduced fragmentation of parent grains into subgrains in irradiated materials may be due to the presence of irradiation-induced dislocation loops and high strain incompatibilities near grain boundaries. Future in-situ FF-HEDM measurements during tensile deformation, using the apparatus recently developed at the Advanced Photon Source [38] , in combination with NF-HEDM measurements (to reveal grain shapes with micron resolution), promise to provide a deeper understanding of the interplay between irradiation-induced defects and those produced during mechanical deformation.
Conclusion
FF-HEDM reveled the 3D microstructures of four states of a Fe9Cr alloy used for nuclear applications; pre-and post-neutronirradiation (450 C/0.01dpa) and pre-and post-deformation. Grain and sub-grain level information from the polycrystalline samples, including the spatial distributions, sizes, orientations, and residual strains, was obtained and correlated to produce the following conclusions: 1) While neutron irradiation lowered the average reconstruction confidence of grains, indicative of the presence of irradiation defects, it did not change the grain size distribution. On the other hand, after deformation, grains fragmented into subgrains with low reconstruction confidence in both unirradiated and irradiated specimens. The level of fragmentation in the irradiated specimen was lower than that in the unirradiated specimen, evidenced by the presence of relatively large subgrains in the irradiated specimen. 2) While neutron irradiation increased the inter-granular residual strain variation in the undeformed specimen, after deformation to the maximum uniform elongation these variations were quite similar between the unirradiated and irradiated specimens. Moreover, the residual strain spread showed a strong correlation with the subgrain size, suggesting that the subgrain formation was directly related to local deformation level. Such information may provide critical information in understanding the lower tensile ductility in irradiated materials.
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